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A heat-transfer iaveeti&aticm was o d u o t e d  with air fl- 
through an e l e o t r i a l l y  heated eilioan -bide tube with a rounded 
entrance, an inside diameter of 3/4 bch, and BP effeotive heat- 
transfer length of 12 kche6 over a range of Reynolds Pumbers up 
t o  300,000 and a range of average imide-tube-wall temperaturea up 

temperature waa 3010' R. 
t o  25W0 R. The hlghe8t oorrespoading leal OUtEide-tUbe-Wall 

Correlation of the heat-tranefer data us- the m v m t l a n a l  
Nueselt relation wherein phy8i-l properties of the flufd were 
evaluated at average bulk temperature resulted in a Beparation of 
data with tube-wall-temperature level. 
of the heat-transfer data vae obtained, hawever, by the use of 
modified correlation paremeters wherein the mass velocity G (or 
product of average air 'densitg and velooity evaluated at  bulk 
temperature €+,Vb) in the Reynolds number was replaced by the 
product of average air velocity evaluated at the bulk temperature 
and density evaluated at either the average Wide-tube-wall tem- 
perature or the average f i lm 'kpe ra tu re ;  In addition, all the 
physical properties of air were oorresgondingly evaluated at either 
the average inside-tube-wall temperature or the average f i lm ten- 
perature . 

A eatisfactory o o r r e l a t b n  

A general program has been undertaken a t  the HACA Imria lab- 
oratory t o  ObtEln surface-to-fluid foroed-oonvection heat-tranefer 
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data and aesociated infomation over a range of high'surface tem- 
peratures and heat-flux densities. 

As the f f r e t  phaee of the program, a heat-tranefer investi- 
gatla was oonducted with air flowing through an electrically 
heated Inconel tube over a ram@ of Reynolds numbers up t o  250,000 
and a rarrge of average inside-tube-wall temperatures up t o  1700' R, 
the r e s u l t s  of which are reported In reference 1. Referenue 2 
enlarges upcm the heat-tramfar and aesooiated data presented in  
referenoe 1 and extends the inveetigatiool to include ranges of 
Reynolds number up t o  500,OOO and aver- inside-tube-wall tan- 
perature up t o  2050' R. 

As a continuation of the general heat-tranafer program, the 
investigaticm reported herein was ceaduoted Kith air flaring through 
8n electrioally heated sillmu oarbide tube t o  obtain heat-transfer 
data over a greater rspge of surface temperature than wae poesfble 
w i t h  the Inomel tube. Data vere obtained over rangee of Reynolds 
number up t o  300,000, average inaide-tube-wall temperature up t o  
2500° €4, heat-flux density up t o  600,000 Btu per hour p e r  square 
foot, and tube-exit Mach number up t o  0.50. 
ooefficients are oorrelafed in aooordanoe with the fmlllar Nueselt 
relation and with modifications thereto. Prsssure-drop data are 
correlated with air  f l o w  and the r a t io  of tube-entrance- to tube- 
exit-air deneity. 

Average heat-transfer 

APPARATUS 

A schematic diagram of the heater tube and associated oompo- 
nents of the air and electr ical  eysteme ueed in t h i s  Investigation 
ie shown in figure 1. 
le shown in figure 2. 
of reference8 1 and 2. 

A photogruph of the heater-tube inetallatian 
The setup, in general, ya8 eimilar t o  that 

Heater Tube 

The heater tube, the details of which are ahown in figure 3, 
ocarsisted of a oammercial siliaan carbide tube having an lnsfde 
diameter of 3/4 inch, a wall thickness of 3/16 inoh, and a t o t a l  
length of 21 inchee. 
center 12-inch section of the heater tube had 8 higher res i s t iv i ty  
than that ueed i n  the m e ,  thereby fozmlng a oontinuous oeramio 
tube with a l 2 - h c h  hot secticvn a t  the center (taken as the effec- 

The silioon oarbide material need in the 

t ive heat-transfer length) and a &inoh Cold section for teminal  2 

c 

c 
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1 
connectian a t  ea& end. 
olamped t o  the tube at  each end, omnected the he8ter tube t o  the 
electr ic  parer swrce. 

Two braided-ahmhun-wire termirral straps, 

An A.S.M.E. type l a g - r a d i u s  low-ratio nozzle of the 88me 
throat d iweter  as the Inside diameter of the fube weta used t o  
meamre the air  f l a w  and a l e 0  t o  provide a amooth air entrance into 
the heater tube. 
packing glands, one fa8tened t o  the nozzle plate at the tube 
entrance and the Other t o  a plate at  the tube exit. 

The heater tube was ssoured in poaition by two 

The heater tube was thennally insulated by three cancentrio 
etainlese-eteel radiatian shields with insulat ing cement f i l l i n g  
the annular spaces between the shields. 
insulation and shielding -8 + hchea. 

alumel thermooouples located a t  1-inch intervals along the top  of 
the 12-inoh effeotive heat-transfer length and one additional 
thermocouple located 112 inch outside eaoh end of the hot eection. 
The thermocouples were cemented t o  the outside wall of the tube a d  
wrapped a quarter turn around the tube t o  reduce conduction losses. 
Frequent inspectian verified cost8ot between the thermocouple junc- 
tion and the tube w a l l .  
manually operated potentiometer 

The t o t a l  thickness of the 

Outside-tube-wall tgmperatures were measured by 13 ohrmel- 

Temperatures were read by means of a 

Air at a maximum preeeure of about 50 pounds per q u a r e  lnoh 
gage and a temperature of about 540° R was supplied through a 
pressure-regulating valve, air filter, air preheater, and a 
0.620-inch A.S.M.E. type f l a t - p l a t e  orifioe t o  a large surge tank, 
as indicated in figure 1. lprcan the surge tsdk, the air passed 
through a calming tank, the tube-entrance flow nozzle, and the 
heater tube into the mixing tank where it waa discharged t o  the 
atmosphere. The surge tank, Calming tank, mixing tank, a d  entrance 
and exit piping a d J o b h g  the heater tube were themally imulated. 

The mix- tank contained W e e  ornoentrio tubes ao arranged 
that the air leaving the heater tube made three &a1 passes through 
the mixing chamber before being discharged to  the atmosphere. 
staggered bafPles placed halftray through t h e  innermost tube insured 

t o  accamodate thermal expansion of the heater tube and was oounter- 
weighted t o  overcame roll ing fr ic t fon during thermal contraction 
of the tube. 

!ho 

of the heated a i r .  The m i x i n g  tsnk was mounted on rol lers  
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The temperature of the air enteringthe heater tube was meae- 
ured by two iron-canetantan themoouplee lociated at the exit of 
the calming tank. The temperature of the air leaving the heater 
tube wae measured by two chramel-alumel thermocouples located 
immediately dawnatream of the staggered baffle8 In the mixing 
chamber. 
and the other in the tube-exit plate, were used t o  meaeure the 
preseure drop acroee the heater tube. 

Two static-pressure tape, me at the throat of the nozzle 

Electrlcal System 

Power wa8 eupplied to the heater tube fram a 208-volt 6O-onle 
alternating-current erupply line stepped down to 120 volts through 
an autotransformer. A saturable reactor was cmnected in one of 
the power leads between the autotran8former and the heater tubs. 
rheostat, placed in the 125-volt direct-current aupply line to the 
reaotor, was w e d  to control the degree of eaturatlan of the reactor 
and omesponding parer input to the heater tube. The mpaoity of 
the electrio equipment was 15 kilovolt-amperes. 

A 

. 
. 

The power supplied to the heater tube was measured by a watt- 
meter. A voltmeter connected acroea the terminal ekraps and an 
ammeter connected in one of the copper power leads were used to 
meaaure voltage drop and current through the tube, reepectively. 
The ammeter and current coil of the wattmeter were uanneoted to the 
load through current tranafomre. 

A i r - f l o w  meaeurermente. - Air-flaw-calibrstian c u r ~ e 8  for the 
pmvlously deeoribed lang-radius law-ratio noezle sad the flat- 
plate or i f iae  were calculated uaing eetabllshed A.S.M.E. flow 
coeffioients and equatirme available for them t y p e  of flow meter. 
The measured air flove, as indloated by the two individually call- 
brated meters, checked within 5 percant over the range investigated. 

Tube-wall-temperature measuremente. - In order to determine 
whether the outaide-tube-wall temperatures (as indioated by the 
ohranel-alumel thermocouple8 in &tact w i t h  the wall) were affected 
by ourren t  flaring through the tube, power was supplied to the 
heater tube until a predetermined observed tube-wall txmperature 
wae reaahed and conditions were sMbilized. The power was then 
shut off and the r e a d i n g s  of severel thermocouples were recorded at 
5-eeconB intervale. 
curve of the observed time-temperature readinge to zero time for 

The temperature obtained by extrapolating the 
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each thermocouple was in agmement Kith the observed temperature 
reading Just prior to the time of power @hut off. 
wall-temperature readings w e r e  therefore cmcluded t o  be ineenei- 
t l ve  t o  the 60-cycle current and t o  any st ray f i e l d 6  that may have 
existed about %he tube. 

The obeerved 

Leakam air-flow losses. - A 8  a resu l t  of the process used in 
forming the si l ioon carbide tube, a certain amount of porosity 
existed in the heater-tube wall. A calibration of leakage air flow 
through the tube wallwae therefore made over a range of average 
tube-wall temperatwee and average static press&es in the tube. A 
predetermined pressure was established in  the tube with the exit and 
closed (w leakage atr flowing) and the air  flow recorded f o r  
various vsluee of average tubs-wall temperature. 
repeated for a range of average static pressures in  the tube. The 
le-e air  f l o w  thus obtained f o r  a given average tube-wall tan- 
perature and average s t a t i o  preesure in the tube wa8 cmeidered t o  
be equivalent t o  that existing at the ~ a m e  temperature and pressure 
conditions during the heat-tramfer rune. 

The result ing calibration curve of the tube-wall leakage air 
flow i e  shown in figure 4 plotted &gain& average outsfdo.-tube-wall 
temperature for  8 series of values of the r a t i o  of average &atlo 
pressure in the heater tube t o  atmospherio pressure pt/p (where a 
pa 

The procedure WBB 

I .  

is about 14.7 lb/sg in. absolute). For a constant value o f  

pt/pa, 
increasing tube-wall temperature. 
by the fact that an increase in temperature cause8 both an lncreaae 
i n  the viscosity of air and an increase in the grain size (with 
consequent reductim in  porositg) of a oeramic. 

the leakage air f l c r w  through the tube w a l l  decreasee w i t h  

This trend may be accounted for 

Erternal heat losees. - The external heat loss f r c a n  the heater 
tube includes losses through radiation, conduction, and natural 
convection plus an addi t iona l  heat loss effeuted by air leakage 
through the tube wall. 
over a range of average tube-wall temperatures and a range of valuea 

air flow. For a given tube-wall temperature and value of pt/pa 
( w i t h  only leakage air flawing), the paver input t o  the tube was 
considered t o  be equivalent t o  the external heat loss exietiag at 
the same temperature  and pressure c d i t i o d  during the heat- 
transfer runs. 
loss plotted against average outside-tube-wall temperature is sham 
in figure 5 for a ser ies  of values of the r a t i o  

An external-heat-loss calibration m a  made 

of pt/pa fn 8 manner 8hlibZ’ t o  that Used dewmining leakage 

The resulting calibration m e  of the external heat 

pt/pa. 
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Heat-tranefer runs. - Surface-to-fluid heat-transfer coeffi- 
cients and aseoolated data were obtained over ranges of Reynolds 
number up to 300,000, average inside-tube-wall temperature up to 
2500° R (local outside-tube-wall temperature reaching 3010° R) , 
heat-flux deneity up to 600,000 Btu per hour per square foot, and 
exit Mach number up to 0.50. 

The first silicon carbide heater tube used In this investigation 
failed after heat-tranefer data were obtained up to an average 
inside-tube-wall temperature of 1675' R. 
same composition and physical dimensions as the first, was instru- 
mented and installed In  the setup. Dats on the second tube were 
obtained at average inside-tube-wall temperatures of 78SQ, 1161°, 
1722O, 212S0, and 2502' R. 

A second tube, having t h e  

In establishing a teat oondltion, the tube-entrance air pres- 
sure waa set at the min imum value that could be obtained with the 
pressure-regulating valve; power wa8 then supplied to the heater 
tube until the desired average Imide-tube-wall temperature was 
obtained and stabilized. All temperature, pressure, and parer- 
input readings were then recorded. 
sucoeseive air flows throughout the desired 'range of Reynolds 
number f o r  the same average tube-wall temperature. 

The procedure was repeated for 

A 
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The following symbols are used in the calculations: 

cross-sectional area of fluid stream, 0.00307 (sq f't) 

apeoific heat of air at conetant pressure, (Btu/(Ib)(%')) 

ineide diemeter of heater tube, (ft) 

average heat-transfer coefficient, (Btu/(hr) (sq ft) (%)) 

thermal conduotivity of air, (Btu/(hr) (sq it) (%/ft) ) 

thermal cductivit of tube material (silicon carbide) , 
(BtU/(W (E¶ fi) ( 6 F  /fW 

effective heat-transfer length of heater tube, (ft) 

¶ 
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Q 

ri 

r 

S 

0 

Tb 

Tf 

TO 

Ts 

T1 

T2 
V 

w2 

wt 

P 

m 
k 
- 

static-pressure drop through heater tube, (lb/eq ft) 

ratio of average etatic pressure in heater tube to 

rate of heat transfer to sir, (Btu/hr) 

inner radius of heater tube, (ft) 

outer radius of heater tube, (Ft) 

effective heat-trsnefer area of heater tube, 0.1965 (sq ft) 

air bulk tenpersture (average total air temperature), 

atmospheric preesure 

1/2 (T1 + TZ), (OR) 
average 

average 

average 
(9) 

f i lm temperature, 1 / z  ( T ~  + T~), ( O R )  

outeide-tube-wall temperature, (?El) 

inside-tube-wall temperature (surface temperature), 

total air temperature at heater-tube entranoe, (OR) 

total air temperature at heater-tube exit, (%) 

velocity of air, ( f t / h r )  
correoted air flow, Wt - $z, (lb/hr) 

tube-wall leakage air f low,  (lb/hr) 

total air f l o w  at tube entrance, (Ib/hr) 

absolute Vi8OOBity of air, (lb/(hr) (f%)) 

density of air, (lb/cu ft) 

ra-bio of air denatties at entrance and exit of heater tube 

ratio of air density at tube entrance to standard sea-level 
air density, P1/0.0765 

Nusselt number 



Prandtl number 

PbVbD Reynolds number, - 
Pb 

modified f i lm Reynolds number 

modified surface Reynolde number 

b physical properties of air evaluated at air bulk tempera- 
tUe Tb 

f phyeical properties of air evaluated at average f i l m  tem- 
perature Tf 

a physical properties of air evaluated at average imide-tube- 
wall temperature T, 

4 

~0~ OF CALCULATION 

Temperaturee. - The average outelde-tube-wall temperature To 
was obtained by measuring the area under a curve of the temperature 
distributicm along the effeotive heat-transfer length (a8 obtained 
fran thermocouple readings) and dividing the area by the effective 
heat-transfer length. 

The average inaide-tube-wall temperature T, was then cal- 
culated from the average outside-tube-wall temperature, the rate of 
heat transfer to air, and the thermal conductivlty and phy8iCal 
dimensicam of the heater tube by the following equation (derived in 
referenoe 3): 

2 
Q 

2 
T, = To - 

2 r t ~  kt; (ro2 - ri2) 
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In the foregoing equation, the assumption is made that heat is 
generated uniformly acrosa the tube-wall thfchess and the heat flow 
f r o m  every point in the tube wall is radially inward. 
the values f o r  thermal conductivfty of sillcon carbide (assumed 
constant) and phys ica l  dlmensims of the heater tube reduces the 
equatim to 

Substituting 

Ts = To - 0.00368 Q 
A value of 10.0 was used for the thermal conductivity of 

silican carbide because of the Xck of data on its variatfw. with 
temperature. The possible error  introduced is negligible inasmuch 
as the calculated temperature drop across the tube-wall thiche'ss 
is small  compared with the difference between the average inside- 
tube-wall and the afr bulk temperatures. 

The air bulk temperature was Wcen as the average of the heater- 
tube entrance and exit total-air temperatures T1 and T2, 
respectively. The average f i b .  temperature Tf wae taken as the 
average of the air bulk tmperature and the average Inside-tube- 
w a l l  temperature. 

Seat-transfer coefficient. - The average heat-transfer coefpi- 
cient h was calculated by the following equation: 

The air-flaw term WCom used in this equation included a 
correction for the air leakage through the heater-tube wall. 
a given condition, only one-half of the leakage air entering the 
tube was assumed to be effectively heated to the exit total-air 
temperature T2; .the corrected air f l a w  WCom was therefore 

For 

~ 

taken as the total flaw antering the tube Wt less one-half the 
correspondfng tube-wall leakage f l a w  Wz as determined from fig- 

ure 4. 
during the heat-transfer runs was less than 10 percent of the total 
f l o w  entering the tube. 

The maximum value of tube-wall leakage f l o w  encountered 

Physical properties of air. - The values used herein of ape- 
cific heat at constant pressure c thermal oonductivity k, P' 
absolute viscosity p, and corneapanding values of Prandtl 
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number cp/k for air were obtained from references 4 and 5 and 
are  plotted in figure 6 as a function of temperature. 
reference 4 covered a temperature range from 351' to 2060° R and 
were the eame as the data used in the investigations of refer- 
ences 1 and 2. The data corresponding to temperatures from 2060' 
to 2600° R were obtained from reference 5 and were slightly adjusted 
at the lowtemperature end to provide continuity with the data of 
reference 4. 

The data of 

REslTLTS AND DISCUSSION 

Tube-Wall-Temperature Distribution 

Axial-temperature-distribution curves sharing the outeidd- e.'!: tube-wall temperature along the effective heat-transfer le 
the heater tube for the condition of no air f l o w  are presen 
figure 7 for various values of electric heat input and corresponding 
average outside-tube-wall temperature. 
gradients at the entrance and exit of the hot section are a result 
of the heat-conduction losses through the terminal etrape and tube- 
end supporting plates. The curves are approximately aymmetrical 
about the center of the hot section. 

The steep temperature 

Repreeentative outside-tube-wall-temperature-distribution 
curves for the condition of air flawing through the tube are shown 
in figure 8 for five valuee of electric heat input and resulting 
average outside-tube-wall temperature. Figures 8(a) and 8(b) are 
for nminal Reynolds n~mber8 of 47,500 and 157,000, respectively, 
baaed on the air bulk temperature. 
the peak temperature t o w a r d  the tube exit with an increase In 
Reynolds number. A steep temperature gradient, similar to that f o r  
the no-flow condition (fig. 7), exists at each end of the hot 
section. 

The curves indicate a shift of 

Heat Balance 

A heat balance fo r  the heat-transfer run8 omducted an both 
the first and second silicon carbide tubes is ahown in figare 9 
wherein the value for rate of heat transfer to air plus the external 
heat loee (obtained frm fig. 5), is 

plotted against the corresponding value of electric heat input. 
Inasmuch a8 the value of external heat loss, as obtained f r o m  fig- 
m e  5, includee the heat lost to the lealcage air, the total air 

(Wt - WZ)~p,b(TZ - T1) + HZ 
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f l o w  Wt less the leakage f l o w  Vz waB used to evaluate the 
corresponding rate of heat transferred to air for use in the heat 
balance. The heat-balance data have a maximum deviation of about 
5 percent from the match line. 

- Correlation of Heat-Transfer Coefficients 

Inasmuch a8 the data obtained with the first tube were incam- 
plete (because of tube failure), only the data obtained with the 
second heater tube are presented in the development of a satisfac- 
tory heat-transfer correlation. The data for the firet tube, 
huwever, are included f o r  comparison in the final correlation 
method . 

Correlation based on air bulk temperature. - The data of this 
investigation are preeented Fn figure 10 in accordance with the 
conventional correlation method wherein Husselt number divided by 

0 ,4 
Prandtl number raised to the 0.4 power (IID,\~’~~’~) is 

plotted against Reynolds number DG/% with the physical properties 

of air evaluated at the air bulk temperature. 

A femily of parallel lines representing the five average 
Inside-tube-wall-te~er~ture levels investigated and having slopes 
of about 0.82 at Reynolds numbere above approximately 40,000 were 
obtained. At lower Reynolds nubere, the data fall off Indicating 
the presence of transition f low.  The values of the heat-tranefer 

parameter kk)/(p 9 i2)O *4 decrease progresrsively with an 

increase in tube-wall temperature; the value at 2502O R is about 
35 percent lower than that obtained at 785O R at a Reynolds number 
of 70,000. A decrease in the value of the heat-transfer parameter 
with an increase in tube-wall temperature was also observed Fn the 
data of references 1 and 2, Included for cornparfern is the line 
(dashed) obtafned f r o m  reference 6, wherein the results of various 
investigators were correlated using the same values of physical 
properties of air as were used herein (fig. 6). The reference line 
was obtained by transposlng data from a Stanton number p l o t  in 
reference 6 to the coordinates of figure 10 with the Pranatl number 
assigned a value of 0.70, which corresponds to the physical prop- 
erties of air at 5800 R (fig. 6). The low-temperature data of 
references 1 and 2 (not shown) were in apeement with the line of 
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referenoe 6,  whereae the low-temperature data of this investigation 
fall above the lfne of reference 6. 

This discrepancy may be due to one or more of the followlng 
factors that must be taken into consideration in evaluating the 
present data : 

1. AB previously mentioned, the surface earea S used in cal- 
culating the average heatdransfer coefficient h included mly 
the area of the high-resistance section of the tube. 
the end sectians contributed an indeterminable amount to the total 
heat traneferred, the calculated values of the heat-transfer 
coefficients may be different fron the actual values. 

Inasmuch a8 

2. In view of the large difference between the tube-wall and 
air-temperature distributiona along the tube length, the average 
heat-tranefer coefficient h calculated frm the difference between 
the average wall and average air temperatures may not be a true 
average of the local  heat-transfer coefficfente. 

3. Increaeed turbulence resulting f r c m  a high degree of rough- 
nee6 of the tube wall may reeult in higher than normal heat-transfer 
coefficients. 

4. Bleeding off of the boundarr layer as a reeult of air 
leakage throua the tube wall may result in higher than normal heat- 
transfer coefficients. 

Correlation based an eurface temperature. - The data are 
replotted in figure 11 with the physical propertiee of air evaluated 
at the average inside-tube-wall temperature (surface temperature). 
The lines through the data represent5ng the five wall-temperature 
levels ehow the same general characteristics a8 pointed out in fig- 
ure 10; in thte case, however, the separatian of data fo r  the ~ a m e  
range of wall temperatures is greater, the value of 

( M / . $ / t p 9 i 1 9 * 4  at 2502O R being about 50 percent lower than 

that obtained at 785' R at a Reynold8 number of 70,000. 
phyeical propertlee of air were evaluated at the average filmtem- 
perature, the eeparation of data for the aame increase in wall 
temperaturee would be between the 35-percent and 50-peroent decrease 

If' the 

Value8 indicated ill fi-8 10 and 11. 

I 
Correlation baaed on modified surface Reynolds number. - The 

heat-transfer data are replotted in figure 12 wherein the mass 
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1 

t 

VelOCity G ( O r  pbyb) the COnVeIltiOIlal (OT bulk) Remolds 

number I s  replaced by the product of air density evaluated at the 
average ineide-tube-wall temperature Pa and average velocity 
evaluated at the bulk temperature Vb; in addition, a l l  the 
physical properties of air are evaluated a* the average imide- 
tube-wall temperature. Thie modified surface Reynolds number is 
related t o  the conventional Reynolds number by the following 
equation: 

Thls  method of p l o t t i n g  (fig. 12)  results in  a satisfactory 
correlation of the data for the five tube-wall-temperature levels 
investigated although e slight temperature effect still exiets. 
The slope of the l ine drawn through the data  above a Reynolds 
number of approximately 10,000 is 0.83. 

Included for comparison is the line (dashed) f r o m  reference 1 
that  m e  obtained by the same method and correlates heat-transfer 
data f r o m  a similar setup (using an kconel  tube) f o r  rangee of 
inside-tube-wall temperature up t o  1700° R aed Reynolds number 
above 10,000. 
heat-transfer coefficients obtained in this investigation as cam- 
pared w i t h  those ahown by the reference correlation line may again 
be accounted f o r  by one or mre of the factors mentioned in the 
discussion of figure 10. 
the results  of reference 1 &re more accurate than t h e  r e s u l t s  
presented herein. The results of this  investigationare of 
interest, however, in that they indicate that the method of cor- 
relation based on the average ineide-tube-wal$ temperature st i l l  
applies up t o  tube-wall temgeraturee of 2500 
Investigation. 

The slope of the reference line is 0.80. The higher 

For these reasons, it is believed that 

R, the lfmit of thie  

Correlation based on modified f i lm Reynolds number, - The 
data are replotted in figure 13 wherein the ma88 velocity 

air density evaluated a t  the average film temperature pf and 
average velocity evaluated at the bulk temperature Vb; in 
addition, a l l  the physic81 properties of a i r  are evaluated at the 
average f i lm  temperature. The relation between the modified f i l m  
Reynolds number and the conventional Reynolds nuber  ie given b y ,  
the following equation: 

G 
( O r  pbvb) iIl the Reynolds number i S  Z W P h C e d  by the product O f  
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This'method of plotting (fig. 13) results in a good correlation of 
the data over the ranges of average Fnside-tube-wall temperature 
and Reynolds number investigated. This correlation is better than 
that obtained wing the modified surface Reynolds number (fig. 12) 
for the present data. 
modified surface correlation proved slightly better than the modi- 
fied film comelatian. The results of the investigation reported 
herein are not considered sufficiently aocurate to serve a6 a bas16 
in choosing between the average f i lm  temperature and the average 
inside-tube-wall temperature f o r  evaluatian of the physical prop- 
erties of air in the comelatian equation. 

For the data of reference 1, however, the 

For purpotma of comparison, the data of figure 13 are  replotted 
In figure 14 with additional heat-transfer data obtained on the 
first heater tube. 
number) also correlartes the data for the first tube throughout the 
range of tube-wall temperatures investigated, the dope of the 
correlatian line (dashed) being 0.75. The dif'ference in slope 
between the two oorrelation lines, whiuh becomes apparent at 
Reynolds numbera above 20,000, ia not clearly understood, but m y  
be partly due to inherent differences in tube-wall roughness. 

This method of plotting (modified film Reynolds 

Measured values of static-pressure drop through the second 
heater tube are correlated in figure 15 where the product of the 
ratio of air density at tube entrance to standard sea-level density 
crl and the pressure drop through the tube Ap divided by cor- 
rected air flow to the 1.86 parer 
the ratio of air densities at the entrance and exit of the heater 
tube p1/p2. 

from loga2ithmic plots of oldp ageLinet wc,, for conetant 
values of p1/p2. The densities pl/pz were evaluated at the 
static pressure and total temperature at the entrance 8nd exit of 
the tube, respectively. The preesure-drop data correlate Kithin 
a maximum deviation of &LO percent. 

WCm is plotted against 

The exponent 1.86 on corrected air flow was obtained 

U J  
rl 
rl 
8+ 
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The resulte of the heat-transfer investigation with air 
flowing through an electrically heated siltcan carbide tube with a 
rounded entrance, an i n s i d e  diameter of 3/4 inch, and an effective 
heat-transfer. length of 12 inohes for range8 of R w o l d s  number up- 
to 300,000 and average inside-tube-wall temperature up t o  2500' R 
(corresponding local outside-tube-wall temperature reaching 
3010° R) showed that: 

1. Correlation of average heat-transfer coefficients using 
the conventional Nusselt relation, wherein physical properties of 

* the fluid are evaluated at the air bulk temperature, resulted in a 
separation of data with tube-wall-temperature level; at a Reynolds 
number of 70,000, the Husrselt number decreased about 35 peroent 
withan increase in average inafde-tube-~ll temperature f r o m  785O 
to 2502O R. A similar effect resulted when the physical properties 
of air were evaluated at the average inside-tube-- temperature, 
although in this case the mUeselt number decreased about 50 percent 
for the same increase in average tube-wall temperature. 

2. A satisfactory correlation of the heat-transfer data over 
the ranges of Fneide-tube-wall temperature and Reynolds number 
investigated was obtained by the use of modified correlation methods 
wherein the mas velocity G (or product of average air density and 
velocity evaluated at bulk temperature p,V,) in the Reynolds number 
was replaced by the product of average velocity evaluated at the 
bulk temperature and deneity evaluated at either the average imide-  
tube-wall temperature or the average film temperature; in addition, 
all the phy8ical properties of air were correspondingly evaluated at 
either the average inside-tube-wall temperature or the aver- f i lm 
temperature. !Be correlation based on the average film temperature 
was somewhat better than that based on the average inside-tube-wall 
temperature. Because of uncertainties In evaluation of the heat- 
transfer coefficients, suuh ae the bleeding off of the boundary layer, 
the results of this investigation a r e  not ooneidered sufficiently 
accurate to serve a8 a basie in chooBing between the average film 
temperature 
ation of the physical properties of air fn the correlation equation. 

the average inside-tube-wall temperature for evalu- 

Lewis Flight Propulsicm Laboratory, 

Cleveland, Ohio. 
/ National Advieory Committee for Aeronautics, 
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y Thermoooupler 

Auto transformer 

Figure 1. - Sohanatia dfngran shorring zrranganent of experimental aqulpment. 
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Plgure 2. - General f l e w  of he8ter-tube Installstion. 
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Average outaide-tuba-mall temperature, TO, OR 

t 
ATtrDge outside-tubewall temperature. r0, OR 

Figure 8. - V a r i a t i o n  of external heat loss  w i t h  average out+ide-tube-vall tcopcrature for 
rarious values of ratio of arerage s t a t i o  presanre in heater tube to &&sphcrio precaurr. 
Atnrosphcrlo pressure, 14.7 pounds per square h o b  absolute. 
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Figure 6. - V a r L a t l o a  of spealrla heat at  aonstant pressure, thermal conductlritr, absolute 
viscoslt7,  and Prandtl number of air with temperature. ( D a t a  f r o m  referenoes 4 a n d  5 . )  
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0 2 4 6 8 10 12 
Distance from entrance of hot section, in. 

Figure 7. - Outside-tube-wall-temperature distribution along effeative heat- 
transfer length for  various amounts or electric heat input w i t h  no air 
flow. 
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Figure 8. - Outside-tube-wall-temperature distribution along effective heat- 
transfer length for various amounts of eleotric heat input w d  oonstant 
values OS Reynolds number. 
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0 e 4 6 a 10 12 
Distance from entranoe of hot section, in. 

(b) Nominal Reynolds number, 167,000. 
Figure 0. - Concluded. Outside-tube-wall-temperature distribution along 

effective heat-transfer len h for various amounts of electric heat 
input and constant values o 4iG Reynolds number. 
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Figure 10. - Correlation or heat-tranarer data. p h ~ s l c a l  properties o f  air emluated a t  
air bulk temperature q. 
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